I. INTRODUCTION
Chromium finds extensive use in the industry due to its hardness, resistance to corrosion and magnetic properties. Chromium is an important alloying material for steel; it is used for surface coating and in refractory materials [1] . Chromium(VI) is one of the highly toxic, carcinogenic and mutagenic heavy metals; therefore, the removal of this metal ion from the effluents and waste waters is a problem of great significance. Chromium(VI) exists in the aqueous solutions as various anionic species; therefore, solvent extraction with anion exchange extractants can be used for the removal of chromium(VI) from aqueous solutions [2] . The liquid membrane technology has a great potential for the removal of heavy metals from aqueous dilute solutions [3] . The liquid membrane is a layer of an organic solvent separating two aqueous solutions. Liquid membranes offer a lot of advantages over solvent extraction, such as combination of extraction and stripping processes into a single stage, more effective separation of elements with similar properties and small amounts of extractants. Removal of chromium(VI) using bulk [4] , supported [5] , emulsion [6, 7] and polymer [8] liquid membranes containing tri-n-octylamine (TOA) is reported in the literature.
The electric field gradient is a driving force of the membrane extraction process during electrodialysis. The first study on the electrodialysis of liquid membranes was conducted by Purin [9] , who concentrated rhenium from industrial solutions. Application of a direct electric field significantly intensifies the transport of metal ions through the liquid membranes and facilitates the stripping of metals from organic solutions of tertiary amine salts [10] . It has been demonstrated by the author previously that tri-n-octylamine -based liquid membranes ensure an effective separation of palladium(II) from macroadmixtures of copper(II), nickel(II) and iron(III) [11] , platinum(IV) from iron(III) [12] and nickel [13] extracting from hydrochloric acid solutions, as well as separation of cobalt(II) from nickel(II) [14] extracting from hydrochloric acid solutions during electrodialysis. The aim of the present research is to study the membrane extraction of chromium(VI) from hydrochloric acid solutions by bulk liquid membranes containing TOA during galvanostatic electrodialysis.
II. EXPERIMENTAL PART

A. Instrumentation
The experiments were carried out in a five-compartment Teflon electrodialysis cell in the system:
HCl membrane H2SO4
The liquid membrane (thickness of 0.3 cm, volume of 2.5 cm 3 , surface area of 7.1 cm 2 ) was separated from the aqueous solutions by two vertical cellophane films. The electrode compartments containing 0.15 M H2SO4 solutions (volume 17 cm 3 ) were separated from the feed and strip solutions (volume 13 cm 3 ) by the solid cation exchange membranes MK-40. The cellophane films and the solid membranes were soaked in water for more than 24 h before use. The solutions were not agitated. The direct electric current was supplied to the plane platinum electrodes (2.4 cm × 1.5 cm). Potentiostat П-5827М was used as a current source. Voltage was measured by a digital voltmeter. Concentration of chromium(VI) in the aqueous solutions was determined spectrophotometrically by characteristic absorption peak for [Cr2O7] 2− ions in the acidic solutions at 442 nm [15] . UV-Vis spectrophotometer СФ-46 was used for the analysis of metal ions.
B. Reagents and Materials
The solutions of tri-n-octylamine (pure grade) with the admixtures of di(2-ethylhexyl)phosphoric (D2EHPA technical grade, contents of the main substance ~ 63 %) in 1,2-dichloroethane were used as the liquid membranes. They contained usually 0. 1 -2 mol/L [17] . Thus, in this study chromium(VI) exists mainly as HCrO4 -anions. Chromium(VI) ions are extracted by TOA due to the interfacial anion exchange mechanism. The amine first reacts with hydrochloric acid to form tri-n-octylammonium chloride:
where R3N is tri-n-octylamine, a -aqueous phase, o -organic phase.
In the presence of D2EHPA in the liquid membrane, an ion pair is formed, which consists of an organic cation and an organic anion [18] :
where HA is di(2-ethylhexyl)phosphoric acid. Chromium(VI) ions are extracted by TOA in the presence of D2EHPA due to the following mechanism:
Cr(VI) ions are transferred by diffusion to the interface feed solution / liquid membrane and interact with the carrier to form ionic associates (reactions 3, 5). The transported compounds diffuse through the liquid membrane layer and dissociate at the polarized 1,2-dichloroethane / water interface (reverse reactions 3, 5). The carrier's molecules return back according to their concentration gradient. HCrO4 − anions, appearing in the liquid membrane as a result of partial dissociation of the extractable complexes, are transferred through the organic layer owing to electromigration. Chloride anions permeate across the liquid membrane in the same direction as Cr(VI) ions; thus, a transport mechanism is chromium-chloride cotransport.
In the presence of the cation exchange carrier D2EHPA, hydrogen ions from the strip hydrochloric acid solution interact with the carrier at the interface liquid membrane / strip solution according to reaction 6 and are transferred across the liquid membrane into the feed solution in the direction opposite to HCrO4 − transport:
At the interface feed solution / liquid membrane, reaction 6 goes from right to left.
Hydrogen ions are transferred from the feed solution across the solid cation exchange membrane into the cathode compartment as well as are transported from anode compartment into the strip solution owing to electroneutrality condition. Redox reactions occurring at the electrodes are coupled to the transmembrane ion transport. Hydrogen evolution occurs at the cathode, and oxygen evolution occurs at the platinum anode in the sulphuric acid solutions:
2H2O → O2↑ + 4H
It was found out in the preliminary experiments that the transfer of chromium(VI) anions into the strip solution practically was not observed without the electric field application. The imposition of an electric field allows to intensify chromium(VI) extraction from the feed solution and to transfer HCrO4 − anions through the liquid membranes. The increase of the current density results in an increase of the chromium(VI) anion transport rate (Table 1) . Practically complete (> 99 %) removal of the metal from the feed solution by the liquid membranes containing individual TOA solutions as well as TOA with admixtures of D2EHPA can be achieved during 1 h -4 h of electrodialysis depending on the current density. The maximum stripping degree of 89 % is achieved at the current density of 10.6 mA/cm 2 . The chromium(VI) transport rate depends on the acidity of the feed hydrochloric solution. The highest chromium(VI) flux was achieved in the system with 0.01 M HCl in the feed solution (Fig. 1, line •) . Transport rate is directly proportional to the current density up to 12.7 mA/cm
2 . An increase in the HCl content in the feed solution from 0.01 M to 0.1 M leads to a decrease in the metal transport rate (Fig. 1 , curves ♦ and ▲). It is presumed to occur due to the chloride ion transfer intensification through the liquid membrane, resulting in the current efficiency decrease for Cr(VI) anions. The duration of galvanostatic electrodialysis is limited as a rule by an abrupt increase of voltage within 1.0 h -4 h of electrodialysis depending on the current density, acidity of the feed solution and composition of the liquid membrane (Fig. 2) . It was found out that the decrease of the electrical conductivity of the membrane system corresponded to a nearly complete (≥ 99 %) extraction of chromium(VI) from the feed solution (Table 1 ). The voltage increase is connected with desalination of the feed solution as a result of chromium(VI) anion and chloride ion extraction into the liquid membrane and hydrogen ion and K + cation transfer through the solid cation exchange membrane into the cathode compartment. Thus, the shape of the voltage -time diagram can be used for evaluating the removal completeness. At the same current density, desalination of the feed solution and the rise in voltage occur earlier in case of low (0.01 M) hydrochloric acid concentration in the feed solution (Fig. 2, line ○) . Electrodialysis in the systems containing individual TOA solutions in the liquid membranes is characterized by a relatively high initial voltage (lines ▲ and ■). The initial voltage decrease is connected with the rise of the total concentration of ions in the liquid membrane due to the extraction of hydrochloric acid and chromium(VI) ions by the carrier. The following increase in voltage is determined by desalination of the feed solution.
The kinetics of chromium(VI) transport through the liquid membranes containing 0.1 M TOA and 10 vol.% D2EHPA is presented in Fig. 3 . Practically complete extraction of metal ions from the feed solution containing 0.01 mol/L K2Cr2O7 in 0.1 M HCl is achieved within 170 min of electrodialysis, about 90 % of chromium(VI) is accumulated in the strip solution and ~ 10 % of the metal remains in the organic phase. The concentration of chromium(VI) anions in the strip solution is directly proportional to the process duration, whereas the metal content in the liquid membrane reaches its maximum value in 2 h of electrodialysis (curve ♦). This time corresponds to the beginning of the sharp rise in voltage in the system. It has been found out that the increase of chromium(VI) initial concentration in the feed solution from 4.3•10 -3 mol/L to 9.9•10 -2 mol/L leads to a rise of the metal transport rate into the strip solution, while the extraction and stripping degrees reduce ( Table 2 ). The current efficiency calculated for HCrO4 − transport is found to increase with the metal initial concentration rise, but does not exceed 10 %. The current is transferred through the liquid membranes containing D2EHPA mainly by chloride anions from the feed solution and hydrogen ions from the strip solution.
The acidity of the feed solution has been found to influence the chromium(VI) extraction efficiency. The increase of hydrochloric acid concentration in the feed solution from 0.05 M to 0.5 M-1.0 M results in a significant decrease of the chromium(VI) transport rate as well as extraction and stripping degrees ( Table 2 ). The increase of hydrochloric acid concentration leads to a rise of the chloride ion flux through the liquid membrane, resulting in the current efficiency The increase of TOA concentration in the liquid membrane from 0.05 M to 0.3 M -0.4 M, with the D2EHPA concentration being constant, leads to a some increase of the chromium(VI) extraction degree into the organic phase and transport rate into the strip solution (Table 2) . The electrical conductivity of the membrane system is determined usually by the composition of the liquid membrane. The increase of TOA concentration in the organic phase from 0.05 M to 0.4 M leads to a rise of the electrical conductivity and to a decrease of the initial voltage of galvanostatic electrodialysis (Fig. 4 , curves □ and ♦). It should be noted that the storage time of the liquid membrane solution significantly influences the kinetics of chromium(VI) transport. A sharp increase of voltage occurs within an hour of electroialysis, and practically complete (≈ 99 %) removal of chromium(VI) from the feed solution is achieved at a current density of 10.6 mA/cm 2 when 0.4 M TOA solution is used immediately after preparation (Fig. 4, curve •) . Initial voltage in the system is somewhat lower, voltage changes insignificantly during electrodialysis, and extraction degree reduces (≈ 80 % within 100 min) when the liquid membrane is used after 1 day of storage (Fig. 4, curve ♦) . Negative effect of the storage time on the transport properties of the liquid membranes can be attributed to the formation of the quaternary ammonium salt in the organic phase as a result of TOA interaction with 1,2-dichloroethane [19] :
The liquid membranes were used in the experiments within 0 -3 days after preparation. Electrodialysis in the system containing individual TOA solution is characterized by a rather high initial voltage (Fig. 4 , curve ○). The addition of 40 vol.% D2EHPA in the organic phase with the TOA concentration being constant decreases the voltage of galvanostatic electrodialysis (curve ◊), however, leads to some reduction of the Cr(VI) extraction, stripping degrees and flux. It is presumed to occur due to the hydrogen ion transfer intensification from the strip solution through the liquid membrane resulting in the current efficiency decrease for HCrO4 − ions. Liquid membranes containing TOA with admixtures of 10 vol.% D2EHPA were commonly used in the experiments.
The influence of the strip solution composition on the chromium(VI) extraction rate is illustrated in Table 2 . In contrast to traditional membrane extraction, the nature of mineral acid in the strip solution does not exert a considerable influence on the electrodialytic transport of metals. The transfer of chromium(VI) ions proceeds with an approximately equal rate into 0.1 M solutions of phosphoric, sulphuric, perchloric and hydrochloric acids. The maximum chromium(VI) extraction and stripping degrees as well as transport rate are achieved in the system containing distilled water as the strip solution. It should be mentioned that electrodialysis in this system is characterized by a higher voltage if compared with acids solutions.
IV. CONCLUSIONS 1. The liquid membranes containing individual tri-noctylamine solutions or tri-n-octylamine with admixtures of di(2-ethylhexyl)phosphoric acid in 1,2-dichloroethane ensure an extraction of chromium(VI) from HCl solutions into dilute solutions of hydrochloric, sulphuric, perchloric, phosphoric acids and water during galvanostatic electrodialysis. 
